Ivanenko YP, Sylos Labini F, Cappellini G, Macellari V, McIntyre J, Lacquaniti F. Gait transitions in simulated reduced gravity. J Appl Physiol 110: 781-788, 2011. First published January 6, 2011 doi:10.1152/japplphysiol.00799.2010.-Gravity has a strong effect on gait and the speed of gait transitions. A gait has been defined as a pattern of locomotion that changes discontinuously at the transition to another gait. On Earth, during gradual speed changes, humans exhibit a sudden discontinuous switch from walking to running at a specific speed. To study the effects of altered gravity on both the stance and swing legs, we developed a novel unloading exoskeleton that allows a person to step in simulated reduced gravity by tilting the body relative to the vertical. Using different simulation techniques, we confirmed that at lower gravity levels the transition speed is slower (in accordance with the previously reported Froude number ϳ0.5). Surprisingly, however, we found that at lower levels of simulated gravity the transition between walking and running was generally gradual, without any noticeable abrupt change in gait parameters. This was associated with a significant prolongation of the swing phase, whose duration became virtually equal to that of stance in the vicinity of the walk-run transition speed, and with a gradual shift from inverted-pendulum gait (walking) to bouncing gait (running). limb loading; dynamic similarity theory; kinematics; human locomotion GRAVITY HAS A STRONG EFFECT on locomotion. It affects parameters such as gait type, spontaneous speed, stride frequency, and duty factor (36). An important consequence of the pendulum-like behavior of the limbs in the gravity field is the principle of dynamic similarity (1), which states that geometrically similar bodies that rely on pendulum-like mechanics of movement have similar gait dynamics at the same Froude number (Fr ϭ V 2 /gL, where V is the speed of locomotion, g is the acceleration of gravity, and L is leg length). That is, all lengths, times, and forces scale by the same factors. An optimal exchange between potential and kinetic energies of the center of mass (COM) occurs at Fr ϭ 0.25, whereas the walk-run transition occurs around Fr ϭ 0.5 (36).
GRAVITY HAS A STRONG EFFECT on locomotion. It affects parameters such as gait type, spontaneous speed, stride frequency, and duty factor (36) . An important consequence of the pendulum-like behavior of the limbs in the gravity field is the principle of dynamic similarity (1) , which states that geometrically similar bodies that rely on pendulum-like mechanics of movement have similar gait dynamics at the same Froude number (Fr ϭ V 2 /gL, where V is the speed of locomotion, g is the acceleration of gravity, and L is leg length). That is, all lengths, times, and forces scale by the same factors. An optimal exchange between potential and kinetic energies of the center of mass (COM) occurs at Fr ϭ 0.25, whereas the walk-run transition occurs around Fr ϭ 0.5 (36) .
On Earth, walking and running gaits are usually adopted for different speeds of locomotion, with a preferred transition occurring at ϳ2 m/s (or ϳ7 km/h) (typically corresponding to Fr ϭ 0.5). The transition from walking to running is related to metabolic energy expenditure (32, 47) . The exact transition speed may vary [depending on walking conditions (52) ] and may also be determined by critical parameters (2, 3, 6, 13, 23, 25, 35, 39, 42) . A gait has been defined as "a pattern of locomotion characteristic of a limited range of speeds described by quantities of which one or more change discontinuously at transitions to other gaits" (1) . An important aspect of gait transitions is a discontinuous switch that occurs at some point while varying the speed of progression [although some exceptions may exist (18, 44, 46) ]. In quadrupedal animals, increasing the strength of stimulation of the mesencephalic locomotor region tends to increase the speed of forward progression. At stronger stimulation levels, the gait changes from out-of-phase coordination (walk or trot) to in-phase coordination (run or gallop) (26, 38, 49) . This transition typically occurs as an abrupt switch from one gait to another (40) .
While the characteristics of gait patterns at different gravity levels have been thoroughly investigated at constant locomotion speeds in both experimental and theoretical studies (4, 11, 16, 17, 20, 24, 34) , our knowledge of the dynamics of gait transitions at different gravity levels is still rather limited. Also, gravity force acts during both the swing and stance phases (25, 33, 37) , while most devices used to simulate gravity reduction unload the lower limbs and body during stance only (21, 24, 28) . The purpose of our study was to evaluate the dynamics of gait transitions at various simulated gravity levels with different approaches. To study the effects of gravity changes also on the swing leg, we developed a novel unloading exoskeleton that allows stepping in simulated reduced gravity by tilting the device relative to the vertical. A similar concept has been used in the past by both Roscosmos (Russian Federal Space Agency) and NASA to train astronauts before space flights (5, 22) . In particular, we tested the hypothesis that at lower levels of simulated gravity gait transition kinematics will change more continuously as opposed to the abrupt kinematic changes typically observed at normal Earth gravity. To test this hypothesis, the kinematics was collected from subjects walking and running when treadmill speed was slowly increased or decreased. The key parameters that may discriminate human walking and running were analyzed [the presence of an aerial phase (relative swing phase duration), stance-limb touchdown angle (31) , foot velocity during the swing phase (41) , and vertical COM motion (1, 46, 47) ].
METHODS
Participants. Participants were eight healthy volunteers [age range between 25 and 45 yr, 4 men and 4 women, mean leg length 0.83 Ϯ 0.06 m (mean Ϯ SD), weight 75 Ϯ 10 kg]. None of the subjects had any history of neurological or orthopedic disease. The studies conformed to the Declaration of Helsinki and informed consent was obtained from all participants according to procedures approved by the Ethics Committee of the Santa Lucia Foundation.
Reduced gravity simulators. To simulate reduced gravity, we used two different apparatuses: a vertical body weight unloading system (24) and a tilting body weight unloading system. Vertical body weight support (BWS) was obtained by supporting the subjects in a harness connected to a pneumatic device that applied a controlled upward force (24) . The BWS mechanism [WARD system (19) ] consists of a mechanical gear driven by a pneumatic cylinder equipped with safety stops (Fig. 1B) . It is held in a cart that slides forward and backward over a track formed by a double steel beam, mounted in the middle of the upper side of a parallelepiped steel frame. Low-friction sliding of the mechanism ensures that only vertical forces are applied to the subject. The total vertical excursion range is 1 m, so that the device, without any regulation, adapts itself to the subject's height. WARD exerts the preset unloading force independent of the position of the center of body mass, thus approximately simulating a reduced-gravity environment. The overall constant error in the force applied to a subject and dynamic force fluctuations monitored by the load cell have been estimated to be Ͻ5% of body weight (19) . As a result, each supporting limb experienced a simulated reduction of gravity proportional to the applied force, while the swinging limb experienced 1 g. Five different BWS levels were used: 7% (Pluto), 16% (Moon), 38% (Mars), 60%, and 100% of body weight (100% corresponds to the normal 1 g condition).
The experiments were carried out on a treadmill (EN-Mill 3446.527, Bonte Zwolle). The walking surface of the treadmill is 1.5 m long, 0.6 m wide, and 0.15 m above the ground.
The tilting BWS system (manufactured by RTC, Rome, Italy) was constructed to simulate more realistic effects of gravity changes on both the stance and swing legs in the sagittal plane (Italian patent no. Rm2007A000489). The subjects lay on their right side with both legs suspended in the exoskeleton (Fig. 1A) , allowing low-friction rotation of the limb joints due to bearing junctions (see APPENDIX). The length of the telescopic thigh segment of the exoskeleton was adjusted according to the subject's thigh length, and the leg was attached to the exoskeleton so as to provide the best alignment of the axes of rotation of the hip and knee joints with those of the exoskeleton. The construction of the tilting BWS system is based on the idea of neutralizing the component of the gravity force normal to the lying surface [mg · cos(␣), where ␣ is the angle of inclination], while the component of the gravity force acting on the body and swinging limbs in the sagittal plane is reduced in relation to the tilt angle [mg · sin(␣), see APPENDIX]. The subject stepped on the treadmill, which was tilted to the same angle. Three different BWS levels were used: 7%, 16%, and 38% of body weight. These levels imitate the gravity of Pluto (0.07 g), the Moon (0.16 g), and Mars (0.38 g), respectively. In addition, a "gravity replacement load" could be applied with the pneumatic cylinder in order to increase limb loading during stance. The pneumatic gravity replacement load affects the COM mechanics but does not affect the leg swing dynamics. The amount of loading force was chosen to correspond to 16% of the subject's weight to allow direct comparison to the 16% body weight condition using the vertical unloading technique.
Experimental protocols. The subjects participated in three separate sessions. In one session, they walked on a treadmill using the vertical BWS system (including normal 0% BWS or 1 g condition). In another session, they walked on the treadmill using the tilting body weight unloading system. Tilted BWS included additional mass of the tilted chassis (ϳ15 kg) and exoskeleton (1.5 kg for each leg). Thus the entire assembly had a mass of ϳ18 kg that increased both gravitational and inertial forces during walking. Therefore, to investigate the potential role of these factors, in the third session the subjects walked with additional loads using the vertical BWS system. To simulate the same gravitational and inertial forces as during walking using the tilted BWS system, we attached soft bags filled with lead shot both to the harness (15 kg, equally distributed around the waist) and to the (51), so that the divergence from Fr ϭ 0.5 is in opposite directions for walk-to-run (W-R) vs. run-to-walk (R-W). GT, greater trochanter; LE, lateral femur epicondyle; LM, lateral malleolus; VM, 5th metatarsophalangeal joint. legs (1 kg at the midlength of each thigh and 0.5 kg at the midlength of each shank). The same levels of simulated gravity were used [7%, 16%, 38%, and 60% of "new" body weight (body weight ϩ 18 kg)].
We investigated changes in the gait parameters and the natural walk-to-run (W-R) and run-to-walk (R-W) transition speeds for each subject during slow increments and decrements in the treadmill speed between 1 (or 0.5 at 0.07 g) and 5-10 km/h (the upper limit was chosen so that it exceeded the W-R transition speed by ϳ1 km/h, depending on condition) (ramp speed condition, acceleration and deceleration was set to 0.05 km · h Ϫ1 ·s Ϫ1 ). An ϳ5-min training period of walking at different constant speeds was allowed before the actual data collection was begun. Walking kinematics typically adapt rapidly to simulated reduced gravity (28) . The order of conditions was randomized across subjects.
Data recording. We recorded kinematic data bilaterally at 100 Hz by means of the Vicon-612 system (Oxford, UK) with nine cameras spaced around the walkway. Infrared reflective markers (diameter 1.4 cm) were attached on each side of the subject to the skin overlying the following landmarks: glenohumeral joint (GH), greater trochanter (GT), lateral femur epicondyle (LE), lateral malleolus (LM), heel (HE), and fifth metatarsophalangeal joint (VM). The spatial accuracy of the system is better than 1 mm (root mean square). For the tilting BWS system, the GH and GT markers of the right side of the body could not be recorded (since the subjects lay on their right side). The GT and LE landmarks of the left leg were recorded by attaching the 20-cm sticks with two markers to the appropriate joint, and the GT and LE positions were reconstructed as a midpoint between these two markers.
Data analysis. Gait cycle was defined as the time between two successive foot contacts (FCs) by the same leg according to the local minima of the vertical displacement of the HE marker (25) . The timing of the liftoff was determined analogously (when the VM marker elevated by 2 cm). The main limb axis was defined as GT-LM and corresponds to the angle between the segment projected on the sagittal plane and the vertical or the normal to the treadmill surface (positive in the forward direction, i.e., when the distal marker falls anterior to the proximal marker). The following gait parameters were calculated: percentage of the stance and swing phase durations, limb axis angle at foot contact, horizontal velocity of the foot (VM marker) motion relative to the hip, and vertical hip (GT) excursion. For analysis of gait kinematics, data were time-interpolated over individual gait cycles to fit a normalized 100-point time base.
The natural speed of gait transitions was defined during both ascending and descending portions of the treadmill speed ramp condition when the swing phase duration of either leg exceeded (W-R) or was below (R-W) 50% of the gait cycle, i.e., when duty factor (the fraction of the stride duration at which one foot is in contact with the ground) became Ͻ0.5 (run) or Ͼ0.5 (walk), respectively. The difference in gait parameters between the transition step and the preceding step was calculated to characterize the smoothness/ abruptness of gait transitions. The transition was considered as being abrupt when the change in the swing phase duration exceeded 2 SD of the step-by-step variability (calculated as the difference between the 2 consecutive strides).
Statistics. To assess the smoothness/abruptness of gait transitions, one-tailed t-tests were used to estimate whether changes in the gait parameters at gait transitions were significantly different from zero. Reported results are considered significant at P Ͻ 0.05. Descriptive statistics include means Ϯ SD.
RESULTS
Walk-to-run transition speeds in different simulated gravity conditions. We began by examining the W-R and R-W transition speeds when the treadmill belt speed was slowly increased and decreased (ramp speed condition). A summary of these results is given in Fig. 1 . At lower levels of gravity, the gait transitions occurred at slower absolute walking speeds but at approximately the same Fr (V 2 /gL) of 0.5, consistent with previous studies using other reduced-gravity simulation apparatuses ( Fig. 1C ; see also Refs. 28, 36) . The W-R transition speed was typically faster than the R-W transition speed [in agreement with previous studies (8, 51) ], except for the lowest gravity condition (0.07 g) using the vertical BWS system (Fig.  1B) . For that reason, the divergence from Fr ϭ 0.5 was in opposite directions for W-R versus R-W (Fig. 1, A and B) . At lower levels of gravity, we observed higher interindividual variability (SD) in the Fr of preferred transition speed, the difference between W-R and R-W Fr being larger when the tilting BWS system was used (Fig. 1, bottom) .
Even though we did not specifically ask the subjects, four of them reported that under low levels of gravity (Յ0.16 g) when using the vertical BWS system, it was subjectively "more stable" to run than to walk (to stabilize rotations of the trunk). It is worth noting that the subjects swung their arms normally and did not grasp the treadmill railings or other external objects.
Changes in kinematics patterns at gait transitions at 1 g. In the normal-gravity condition, the actual transition from walking to running occurred with a clear discontinuity in the cyclic locomotion pattern (Fig. 2B ) at all treadmill belt acceleration values (8, 52) . In particular, the relative stance duration, the limb axis angle at touchdown, and the maximal horizontal foot velocity decreased at the W-R transition, and the opposite changes were observed during R-W transitions at 1 g (Fig. 2B,  Fig. 3 ). The occurrence of an aerial phase was accompanied by an abrupt change in the timing of the main peaks of the vertical hip oscillations (Fig. 2B, color panel; Fig. 3B, bottom) and thus by an abrupt switch from an inverted-pendulum gait (walking) to a bouncing gait (running).
Changes in kinematics patterns at gait transitions in simulated reduced gravity. In simulated reduced gravity, however, we found no obvious discontinuity in gait parameters for both BWS systems ( Fig. 2A) . For instance, changes in all gait parameters presented in Fig. 3 between the stride immediately before and immediately after the transition were significantly different from zero at 1 g (1-tailed t-tests, P Ͻ 0.05), but they were not significantly different from zero at low gravity levels (0.07, 0.16, and 0.38 g). It is also worth noting that the arm position (forearm elevation) did not change during the transition to running at low levels of gravity when stepping with the vertical BWS system. Gradual transition (not shown) also occurred in all subjects during horizontal stepping on a treadmill with 0.16 g replacement load.
While this behavior was similar for the two BWS systems, the exact level of gravity at which transition becomes smooth could differ slightly. Abrupt transitions (when the change in the swing phase duration exceeded 2 SD of the step-by-step variability) with the vertical BWS system were observed in three of eight subjects at 0.38 g, while with the tilting BWS systems they were gradual at this gravity level in all subjects. Adding mass to the vertical BWS system (18 kg, to match gravitational and inertial forces) did not significantly change the W-R or R-W transition speeds but resulted in a higher percentage of subjects with abrupt transitions: six subjects at 0.38 g and eight subjects at 0.6 g (while 2 subjects still showed smooth transition at 0.6 g with no additional mass).
DISCUSSION
This study was focused on the characteristics of gait patterns during gait transitions at different simulated gravity levels. Our data confirmed the previous studies (11, 28, 36) showing that, in reduced gravity, the W-R transition occurs at a slower absolute speed but at a similar Fr (Fig. 1) , consistent with the dynamics of an inverted-pendulum system. The gravity replacement load during horizontal stepping also resulted in a similar behavior. We accept our overall hypothesis that the transition kinematics would show less discrete transitions at lower levels of simulated gravity (Figs. 2 and 3) .
Limitations of the study. We simulated low-gravity conditions in the laboratory either by applying a nearly constant upward force to the trunk of subjects walking on a treadmill (Fig. 1B) or by tilting the stepping exoskeleton relative to the vertical (Fig. 4) . These approaches to simulated reduced gravity have several limitations. Vertical BWS only simulates reduced gravity during stance by reducing the vertical force acting upon the COM, as well as being accompanied by an additional trunk pressure due to a harness and likely by an altered tonic activity in the trunk muscles. Tilted BWS more realistically simulates the downward force acting on both the COM and swinging limbs but prevents arm oscillations and may limit trunk movements in the anterior-posterior direction. Furthermore, tilted BWS results in asymmetric tactile inputs on the body. Additional inertia of the tilted chassis (ϳ20% of subjects' mean body mass) or that of the exoskeleton (1.5 kg for each leg) could also affect metabolic rate or gait kinetics (7, 12) , although their influences on the speed and abruptness of gait transitions are minor (Fig. 3B, right) . Moreover, this Fig. 2 . Alterations of gait parameters during slow changes in treadmill belt speed (ramp speed condition) in 1 subject at 0.16 g (A; using the tilting BWS system) and 1 g (B). From top to bottom: limb axis angle, horizontal foot velocity, vertical hip displacements, and instantaneous treadmill belt speed. Color panels: to visualize changes in both the intensity and the timing of the vertical hip oscillations throughout the trial, we plotted a sequence of discrete waveforms (vertical slices): x-axis shows the number of the gait cycle (corresponding to the appropriate timing of the trial); y-axis shows the normalized gait cycle (from touchdown to another touchdown); color indicates vertical hip oscillation amplitude (after subtraction of the mean value in each gait cycle). The timing of the toe-off is also indicated by the black curve. Vertical dashed lines indicate W-R and R-W transitions. Note abrupt changes in the gait parameters at gait transitions during walking at 1 g and no obvious distinction in these parameters at the transition at 0.16 g. An abrupt change in the timing of the main peaks of the vertical hip oscillations at 1 g (color plot in B) characterizes an abrupt switch from an inverted-pendulum gait (walking) to a bouncing gait (running).
limitation of the tilted BWS system caused changes in the opposite direction to what we have observed: the percentage of the subjects with abrupt transition at 0.38 g increased with added inertia. Thus smooth gait transitions at 0.38 g in all subjects when using the tilted BWS system were probably due to the slower swing phase rather than to the added inertia.
Overall, both approaches show a reasonable approximation of the reduction in the gravitational force acting on the COM and similar results concerning the speed and smoothness of gait transitions (Figs. 1-3) .
Smoothness of gait transitions. Gradual gait transitions may occur in some animal species (18, 44) ; however, spontaneous gait transitions in humans are generally abrupt on Earth (8, 40, 43, 52) . Here we showed that a remarkable feature of gait transitions in a hypogravity environment is a lack of abrupt changes in kinematic parameters.
The overall intensity of stance-and swing-related muscle activity and the metabolic cost of step-to-step transition are expected to be smaller in simulated reduced gravity (9, 24) and thus may contribute to the observed phenomenon of gait transition smoothness. Nevertheless, it is unlikely that the metabolic cost per se is the only determinant of the "abruptness" of gait transitions (theoretically, the transition can be abrupt whatever its cost is). Alternatively, the interplay between relative swing and stance durations could also account for the observed phenomenon. In fact, at the same given speed at 1 g, the relative swing duration is always shorter for walking than for running (8) . Thus, whenever the transition may occur (e.g., at 5, 7, 9 km/h and so on), it would always be abrupt [e.g., at 7 km/h, the stance phase would switch from ϳ55% (walking) to ϳ45% (running) (8) ]. In contrast, in reduced gravity, the relative swing phase duration is prolonged and different gaits at the transition speed might have approximately the same stance/ swing duration (Fig. 2) . Interestingly, the smoothness of gait transitions is accompanied by a gradual shift from invertedpendulum gait to bouncing gait, resulting in a "paradoxical" inverted-pendulum running in the vicinity of R-W and W-R transitions (see the peak of the vertical hip displacement during late stance in Fig. 2A) . The results may thus support the idea of looking for new forms of locomotion in a heterogravity environment (50) based on the interplay between stance and swing leg dynamics.
The stance limb behavior determines the inverted-pendulum mechanism (1, 11, 30, 47) while the swing leg adapts accordingly since it is not purely passive (14, 15, 25, 29, 33) . During locomotion in both humans and other animals, changes in stepping rate typically result from a change in the duration of the extensor (stance) phase, whereas the flexor (swing) phase duration remains relatively constant (27, 40) . Nevertheless, both the upwardly pulling simulator and the tilted BWS system affect the swing leg since they affect the other limb, which is in stance. In fact, all BWS techniques induced prominent reduction in the maximal horizontal foot velocity and the relative duration of the stance phase relative to the 1 g condition (Fig. 2) . Previous studies during parabolic flight to investigate the effect of gravity on walking mechanics demonstrated increments in the swing phase duration [by 29% at 0.25 g (45) ] and changes in the optimal walking speed and in the range of walking speeds (11) , consistent with our results (Figs. 1 and 2) .
Whatever the nature of smooth gait transitions at low gravity levels, they are associated with a reduction in maximal horizontal foot velocity and a significant prolongation of the swing phase (Fig. 2) and with a gradual shift from inverted-pendulum gait (walking) to bouncing gait (running). Taken together, the findings may extend our knowledge on adaptation of human locomotion.
APPENDIX

Unloading Stepping Exoskeleton
A novel unloading tilting stepping exoskeleton has been developed as an alternative or at least complementary approach to simulate the influence of gravity on human walking. The subject lies on the right side on a tilting couch with both legs suspended in the exoskeleton (Fig. 4) , allowing low-friction rotation of the limb joints, and steps on the treadmill, which is tilted to the same angle. The system can also be used for performing locomotor-like movements in the horizontal gravity-neutral position either on a treadmill (with an additional horizontal gravity-replacement loading force) or in air (air-stepping).
To allow comfortable subject transfer onto the device, the upper part of the structure comprising the upper limb exoskeleton can be easily removed to accommodate the subject in the lying position and then attached again to the couch. Then each leg is fastened by a cuff to the exoskeleton. The angle between the two legs can also be slightly adjusted by tilting the structure maintaining the upper exoskeleton relative to the couch in order to provide a comfortable step width (Fig.  4A) . When the subject is lying on the tilted device the upper body of the subject is secured through a chest and shoulder fixation (Fig. 4A) , with the head placed on the pillow roller. Thus the subject is lying in a comfortable position (instead of being suspended in a harness in the vertical BWS system) together with the maximal freedom of leg movements in the sagittal plane.
The suspension system consists of a two-segment exoskeleton (1.5 kg for each leg) with low-friction rotation (due to bearing junctions) at the hip and the knee joint to permit its unimpeded motion only in the sagittal plane. Each exoskeleton joint is equipped with ball bearings (FAG angular contact ball bearings 7200-B-TVP, Schaeffler Technologies). The total frictional torque M in each exoskeleton joint is Ͻ0.003 Nm:
where M 0 is frictional torque as a function of speed (Ͻ0.0003 Nm under our experimental conditions) and M 1 is frictional torque as a function of load (Ͻ0.002 Nm under our conditions). The length of the telescopic thigh segment can be adjusted according to the subject's thigh length, so that the axes of rotation of the hip and knee joints are collinear with the axes of hinges to exclude any limitation of mobility. The best alignment of the hip and knee joints with those of the exoskeleton and bearing junctions providing low-friction rotations in the exoskeleton axes preclude any limitation of mobility in the sagittal plane so that the only resistance to leg movements is due to the intrinsic passive and active properties of the musculoskeletal limb apparatus. The foot segment remains unrestrained in air so that there is also no resistance in the ankle joint motion. During normal upright walking, there are vertical oscillations of the body due to the pendulum mechanism (10) as well as trunk torsions (48) . Therefore, to provide these additional degrees of freedom, the apparatus permits low-friction up-and-down (relative to the treadmill) sliding of the supporting couch (ϳ15 kg) over two parallel tracks Fig. 4 . The tilting unloading system for stepping on a treadmill. A: schematic view of the tilting unloading stepping exoskeleton and a treadmill. The subject lay on the right side on a tilted couch with both legs suspended in the exoskeleton and stepped on the treadmill, which was tilted to the same angle (left). The angle between the 2 legs could be slightly adjusted by a few degrees (schematically shown on right) by tilting the structure maintaining the upper exoskeleton relative to the couch in order to provide a comfortable step width. The length of the telescopic thigh segment was adjusted according to the subject's thigh length, and the leg was attached to the exoskeleton so as to provide the best alignment of the axes of rotation of the hip and knee joints with those of the exoskeleton. B: 4 stepping conditions studied. Left to right: 3 angles of inclination of the system corresponding to different gravity levels (0.07, 0.16, and 0.38 g) and with gravity replacement load (0.16 mg) in the horizontal position. In the latter case, the desired loading force was applied to the couch horizontally through the pneumatic cylinder attached to the chassis so that the subject was actively pulled toward the treadmill with a constant force (0.16 mg). ␣, Angle of inclination; Fp, gravity replacement force; Fg, gravity force acting on the stance and swing limb segments.
formed by a steel beam, mounted on a chassis that can be tilted (Fig.  4A) . Even though anterior-posterior trunk movements are limited, the hip support can slide along the anterior-posterior guides of the couch, thus allowing pelvis rotations.
The couch can be continuously tilted from the horizontal position up to 40°. The component of the gravity force acting on the stance and swing limb segments is proportional to the tilting angle:
where ␣ is the angle of inclination (Fig. 4) . Three different tilting conditions corresponding to different simulated gravity levels were used ( Fig. 4B ): 7% (Pluto), 16% (the Moon), and 38% (Mars) of Earth gravity (corresponding to 4.0°, 9.2°, and 22.3°inclination angle of the couch, respectively). The larger tilts could not be obtained due to limitations of the system. In addition, the gravity replacement load can be employed by using the pneumatic cylinder to increase limb loading during stance. This method approximately simulates reduced gravity on the COM but not the limbs while the subject lies in the horizontal position (Fig. 4B,  right) . The desired loading force (16% of subject's weight, imitating Moon gravity) was set by the control valve that accordingly adjusted the pressure inside the pneumatic cylinder. The error in the force applied to a subject and dynamic force fluctuations have been estimated to be Ͻ20 N.
